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In the past the transition metal oxide tungsten trioxide (WO 3 ) occurred primarily as an intermediate compound during the recovery of tungsten metal from mining ores. Today tungsten trioxide is specifically synthesized as thin films for various technological applications. Tungsten trioxide (WO 3 ) films possess interesting properties, making them useful in various thin-film applications, such as smart windows or flat-panel displays, 1, 2 in electrochromic devices, 3 gas sensors, 3 and photo catalysis/photoconductivity. 4 Many studies have shown that tungsten oxide experiences elecrochromic color changes. [5] [6] [7] [8] [9] It is postulated that electro-coloration of tungsten oxide is the result of a double injection of cations and electrons into the host lattice. 10 Theoretical calculations and experimental observations confirmed polymorphism of tungsten oxide crystals. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] Tungsten trioxide has been utilized for a long time for the manufacture of X-ray screen phosphors. In recent years tungsten trioxide has been successfully employed in the industrial fabrication of electrochromic windows. These smart windows receive a thin coating of tungsten trioxide with transparent electrical contacts that allow changing the light transmission properties through the window with an applied voltage. Such a WO 3 coating on the window glass enables modulation of the amount of tint of the window as a function of the applied voltage, changing the amount of light or heat passing through. The newest generation of modern aircraft has already implemented such actively switched smart windows with high technology thin film coatings. Tungsten oxides are also known for their use as solid lubricants at elevated temperatures and they have been used as powdery materials for tribological coatings or as component of ceramics. 26 In addition WO 3 is one of the more popular compounds for water splitting research with an extensive body of literature. However, only recently has ALD been successfully utilized to synthesize tungsten oxide WO 3 films as catalyst for water splitting into hydrogen and oxygen. 27 Many of these applications especially as solid lubricants at elevated temperatures, powdery materials for tribological coatings, components of ceramics, and electrochromic devices are strongly dependent on tungsten oxide's crystal morphology, microstructure, and mechanical properties. The fabrication techniques and conditions strongly influence the microstructure, which in turn impacts the electrochromic behavior and degradation of the films. 28 Also the mechanical properties are closely related to the microstructure and can affect the durability and stability of the electrochromic devices associated with any mechanical damage. 29 • C until 740
• C WO 3 films exhibit orthorhombic crystal structure. Aside from tungsten trioxide WO 3 or Tungsten (VI) oxide there exist other tungsten oxides, notably WO 2 , which is highly electrically conductive and which is obtained by reduction of WO 3 .
Sample Fabrication
The ALD tungsten trioxide WO 3 films were deposited on native oxide covered (100) oriented Si substrates of four inch diameter by a thermal ALD synthesis process in a Savannah 100 cross-flow reactor from Ultratech Cambridge Nanotech. For this study tungsten hexacarbonyl W(CO) 6 of 99.9% purity was chosen as ALD tungsten precursor 1 and H 2 O vapor from deionized DI water was used as oxidation precursor 2 source. The DI H 2 O vapor of ALD precursor 2 acted as oxidizing agent to complete the reaction for the synthesis of ALD tungsten trioxide WO 3 films. Nitrogen was used as a carrier gas at a flow of 20 standard cubic centimeters per minute (sccm) and also served as the purge gas. ALD tungsten trioxide WO 3 film depositions were carried out over the reactor temperature range of 150
• C to 320
• C in order to establish the optimum ALD process window. The final ALD growth temperature of the WO 3 thin films was set at 300
• C. The Tungsten trioxide films were deposited on a native silicon oxide covered (100) Si substrate with the following ALD growth conditions: the pulse time of the ALD precursor # 1 H 2 O was 0.05 s, the purging time was 5 s, the pulse time of ALD precursor #2 W(CO) 6 was 0.5 s and the purging time was 5 s. The base pressure was 20 mTorr. Following successful ALD synthesis, the WO 3 films were subsequently annealed for 60 min in a quartz tube furnace at atmospheric pressure with O 2 flow at temperature range of 500 to 700
• C in order to ensure optimum crystallinity and solid phase grain growth.
Experimental
Tungsten hexacarbonyl W(CO) 6 is a solid ALD precursor with a melting point at 170
• C, which requires pre-heating of the stainless steel precursor cylinder. The vapor pressure of solid W(CO) 6 at 67
• C is 1.2 mmHg and yielded satisfactory thin film results in our experiments when reacted with DI H 2 O. In contrast to our work the only previous ALD studies on the synthesis of WO 3 films utilized a different metal organic precursor bis(tert-butylimido)bis(dimethylamido)-tungsten(VI) (tBuN) 2 (Me 2 N) 2 W. 27 In our investigation ALD synthesis with tungsten hexacarbonyl W(CO) 6 good crystalline WO 3 films following subsequent furnace annealing. The surface morphology and roughness parameters of the ALD deposited WO 3 films were determined by AFM measurements. For this study we focused on conducting nanoindentation testing to investigate the mechanical properties of the ALD WO 3 thin films. A nanoindenter XP equipped with a three sided Berkovich diamond tip was used in conjunction with the continuous stiffness method in depth control mode to measure the hardness and modulus of the WO 3 thin films. The CSM method enables the continuous evaluation of the mechanical properties of materials as a function of the contact depth as detailed elsewhere. 30 As our standard experimental procedure a total of 15 indents with maximum indentation depth of 500 nm were performed on each sample. The allowable drift rate and the strain rate for loading were specified as 0.05 nm/s and 0.05 s −1 respectively. During the loading of the indenter the WO 3 thin film material undergoes elastic and plastic deformation.
Results and Discussion
The X-ray diffraction (XRD) analysis of Figure 1 indicates that the as deposited ALD WO 3 thin film at 300
• C was initially amorphous. The ALD films of Figure 1 recrystallized and transformed into polycrystalline films subsequent to thermal annealing at 600
• C for 60 min under atmospheric condtions.
The AFM micrographs of Figure 2 highlight the surface morphology of films grown with 2000 ALD deposition cycles for as the deposited sample and annealed samples with a temperature range from 500 to 700
• C. The 3-D AFM micrograph of Figure 2a displays an as deposited sample with a relative smooth surface interspersed with some larger grains, while Figure 2b represents a the film annealed at 500
• C, whereas Figures 1c and 1d represent a 3 D AFM micrograph of the films annealed at 600 and 700
• C respectively. Higher annealing temperature results in increased surface roughness The root mean square roughness of the film surfaces were analyzed as 1.03, 1.12, 1.26, and 1.6 nm respectively for the as deposited and the 500, 600, and 700
• C annealed samples. This indicates that the rms surface roughness increases as a function of the post-deposition furnace annealing temperature The analysis of the AFM images of Figure 2 revealed a steady decrease in the grain with thermal annealing. The grain height was measured as 10.9, 9.7, 8.3, and 6.3 nm for the as deposited and the 500, 600, and 700
• C annealed samples. The grain size of the as deposited sample was 51 nm and 58.9, 58.8, and 39.2 nm for the 500, 600, and 700
• C annealed samples respectively. The as-deposited WO 3 thin films surface morphology was characterized by FE-SEM as shown in Figure 3 . It is clearly evident from the surface of the as-deposited films with 2000 ALD cycles at 300
• C growth temperature that the deposition was uniform and the film is approximately 40 nm thick. The resulting growth rate in these films saturated to around 0.2 Å/ALD cycle.
Among the nanomechanical properties of interest in this study of these ALD WO 3 films are the hardness and the modulus. The nanoindentation hardness is defined as the indention load divided by the projected contact area of the indenter tip and the modulus is calculated from the contact stiffness and the contact area. The hardness and modulus results versus contact depth of indentation are shown in Figures 4 and 5 . The scatter in the nanomechanical measurements from different indents on each sample is illustrated as 3σ error bar, where σ is the standard deviation. The hardness plotted as a function of indentation depth in Figure 4 shows that the crystalline WO 3 ALD films annealed at 500, 600, and 700
• C have a hardness of approximately 13 GPa, which is harder than the single crystal Si substrate of 12 GPa. As the indenter proceeds deeper into the film and eventually reaches into the Si substrate underneath, the hardness value 0 100 200 300 400 500 600 700
Contact Depth (nm) converges to the expected bulk Si value of 12 GPa. The plot of Figure 4 reveals that the hardness drops subsequent to thermal annealing of the as deposited samples, which indicates a softening of the ALD WO 3 film when thermally annealed. Similar trends were also observed for the modulus measurements as depicted by the plot of Figure 5 .
The results depict significant difference in the hardness and modulus measurements between the as deposited sample and the annealed ones. The hardness and modulus drop from 14 and 170 GPa for the as deposited sample to 10 and 140 GPa for the annealed ones respectively.
Conclusions
In summary, the nanoindentation hardness of WO 3 ALD synthesized films has been determined as 14 GPa and the modulus was found to be 170 GPa for the as deposited samples. As the samples are subsequently thermally annealed, the indentation hardness is observed to decrease. The modulus also drops from 170 GPa of the as deposited samples to 140 GPa when the samples were thermally annealed.
